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ABSTRACT

Fisheries can profoundly affect bycatch species with ‘slow’ life history traits. Managing bait type
offers one tool to control species selectivity. Different species and sizes of marine predators
have different prey, and hence bait, preferences. This preference is a function of a bait's
chemical, visual, acoustic and textural characteristics and size, and for seabirds the effect on
hook sink rate is also important. We conducted a global meta-analysis of existing estimates of
the relative risk of capture on different pelagic longline baits. We applied a Bayesian random
effects meta-analytic regression modelling approach to estimate overall expected bait-specific
catch rates. For blue shark and marine turtles, there were 34% (95% HDI: 4-59%) and 60%
(95% HDI: 44-76%) significantly lower relative risks of capture on forage fish bait than squid
bait, respectively. Overall estimates of bait-specific relative risk were not significantly different
for seven other assessed taxa. The lack of a significant overall estimate of relative capture risk
for pelagic shark species combined but significant effect for blue sharks suggests there is
species-specific variability in bait-specific catch risk within this group. A qualitative literature
review suggests that tunas and istiophorid billfishes may have higher catch rates on squid than
fish bait, which conflicts with reducing marine turtle and blue shark catch rates. The findings
from this synthesis of quantitative and qualitative evidence support identifying economically
viable bycatch management measures with acceptable tradeoffs when multispecies conflicts are
unavoidable, and highlight research priorities for global pelagic longline fisheries.
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INTRODUCTION

Pelagic longlines are one of the main fishing methods used to catch tuna and ‘tuna-like’ species
(Scombroidei) and billfishes (Xiphioidei) (SPC 2019; ISSF 2020). Tuna fisheries are of great
socioeconomic importance due to the high economic value and extensive international trade of
tuna products. Tunas and related species account for over 9% of total marine fisheries catch,
are the fifth most valuable globally traded fishery product, and make up 9% of the $164 billion
value of internationally traded seafood products (FAO 2020).

Mortality in pelagic marine fisheries is the main driver of reductions in body sizes and
abundances of pelagic apex predators, including target stocks and incidentally caught species,
although there is disagreement over the magnitude of these declines (Baum et al. 2003; Myers
and Worm 2003; Burgess et al. 2005; Hampton et al. 2005; Ward and Myers 2005; Sibert et al.
2006). The fishing mortality of large, highly migratory pelagic predators of high trophic levels (TL
> 4.0) modifies trophic food web structure and processes and functionally linked systems (Pace
et al. 1999; Cox et al. 2002; Ward and Myers 2005; Baum and Worm 2009; Polovina et al.
2009). Fisheries that target tuna and tuna-like species, billfishes and other relatively fecund
species can have large impacts on incidentally caught species with lower reproduction rates and
other ‘slow’ life history traits. As a result, these higher risk species, including seabirds, marine
turtles, marine mammals, elasmobranchs and some teleosts, are vulnerable to increased
mortality (Hall et al. 2000; Gilman 2011; Branch et al. 2013). Changes in fishing methods and
gear can increase selectivity to mitigate the fishing mortality of at-risk taxa, representing one
element of managing fisheries through an ecosystem approach, sustaining a desired state of an
ecosystem, in part, by distributing fishing mortality across ecosystem components at sustainable
levels according to intrinsic production capacities (Hall 1996; Gilman 2011; Garcia et al. 2012).

Of numerous variables demonstrated to significantly affect catch and survival rates in
pelagic longline fisheries, four terminal tackle gear components have been the focus of research
and management measures to mitigate the bycatch of species of conservation concern. These
gear components are hook shape, narrowest hook width, leader material and bait type (Clarke
et al. 2014; Gilman and Hall 2015; Gilman and Huang 2017; Hall et al. 2012, 2017; Gilman et al.
2016, 2018). Despite this focus, there remains limited understanding of single-factor effects of
pelagic longline bait type for most taxonomic groups, including whether there are multispecies
conflicts from the use of certain bait types, as demonstrated, for example, for longline hook
shape and the time-of-day and depth of longline fishing (Gilman and Hall 2015; Reinhardt et al.
2017; Gilman et al. 2016, 2019).

To address this priority research gap, species-specific overall expected relative risk of
higher catch rates by pelagic longline bait type was estimated using a Bayesian random-effects
meta-analytical regression modelling approach. The validity of a hypothesis cannot be based on
a single study: results can vary between studies because a single study can be context-specific,
where results may be affected by the specific conditions, such as the study area, study period,
species involved, and environmental conditions that prevent the results from that single study
from being applicable under different conditions. Furthermore, a single study may have low
power and fail to find a meaningful result due to too small a sample size. Due to larger sample
sizes plus the number of independent studies, correctly designed meta-analyses can provide
estimates with increased precision and accuracy over single studies, with increased statistical
power to detect real effects (Borenstein et al. 2009; Koricheva et al. 2013; Vetter et al. 2013). By
synthesizing estimates from a mixture of independent, small and context-specific studies,
pooled estimates from meta-analyses are generalizable and hence relevant over diverse
settings (Sutton et al. 2000). In addition to the meta-analysis, we undertook a qualitative
literature review to compile findings on the effects of pelagic longline bait type on taxon-specific
catch risk. Findings from these syntheses of quantitative and qualitative evidence have
implications for bycatch management in global pelagic longline fisheries, including improved
understanding of the relative risks, conflicts as well as mutual benefits within and across
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taxonomic groups of conservation concern of alternative pelagic longline bait types. The study
also highlights research priorities to fill identified data gaps.

METHODS

Data compilation
The study followed PRISMA (preferred reporting items for systematic reviews and meta-
analyses) protocols to assemble a dataset suitable for meta-analytic evaluation (Liberati et al.
2009) (Supplemental Material Section S1). Between 1 Oct. 2019 and 1 April 2020, we
conducted a two-tiered literature search to compile relevant peer-reviewed and grey literature. A
systematic literature search was conducted using Google Scholar, Web of Science, the Western
and Central Pacific Fisheries Commission’s Bycatch Management Information System online
database of references (https://www.bmis-bycatch.org/references), and the Consortium for
Wildlife Bycatch Reduction’s online database of references (https://www.bycatch.org/)
(Supplemental Material Section S1). We then conducted an unstructured literature search by
reviewing reference lists and contacting authors of relevant publications and reports from the
systematic search to identify additional studies, and posting a query on ResearchGate.net.

We screened the compiled literature to determine which publications could be included
in the meta-analysis. To be included, a publication had to:

1) Use at least one squid species (pelagic longline fisheries primarily use lllex spp. which are
used whole as bait, and some fisheries use pieces of larger squid species, such as
Dosidicus gigas, as bait) and at least one pelagic ‘forage’ fish species, such as mackerels
and species with mackerel-like characteristics (Collette and Nauen 1983), for bait;

2) Report the number of hooks that were baited with forage fishes and the number baited with
squids; and

3) Report the number caught on forage fish baited hooks and on squid baited hooks by
individual species or by a higher taxonomic group (seabird, marine turtle, marine mammal,
shark, ray, billfish, tuna, other teleost).

We refer to all species and higher taxonomic groupings simply as ‘species’ hereatfter for
convenience. Due to small sample sizes, records were not included in the study where artificial
bait or pieces of large marine species were used for bait (Supplemental Material Section S6).

The systematic literature search identified 28,684 unique publications, of which 22 met
the criteria for inclusion in the meta-analysis (Supplemental Material Fig. S1). An additional 12
publications and databases that met the inclusion criteria were compiled through the
unstructured search. If data reported in a publication could be split into subsets so that only a
single hook shape, hook size and/or leader material was employed in each subset, then these
subsets of data were included as separate records in the meta-analysis. To avoid duplication,
publications that contained data for the same fishery and periods were integrated into a single
record. A total of 34 publications were found in the global literature review that met the inclusion
criteria, which provided a total of 112 relative risk estimates, with 21 estimates for marine turtles,
18 for sharks, 13 for blue shark (Prionace glauca), 12 for ‘other teleosts’ (bony fishes other than
tunas and billfishes), 10 for tunas, 10 for billfishes, 9 for swordfish (Xiphias gladius), 9 for rays, 7
for seabirds and 3 for marine mammals (Supplemental Material Table S1).

Statistical modelling approach

We used a random-effects meta-analytical regression modelling approach (van Houwelingen et
al. 2002; Higgins et al. 2009) to estimate bait-specific catch rates for: marine turtles, sharks,
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blue shark, other teleosts, tunas, billfishes, swordfish, rays and seabirds. Sample sizes were
inadequate for marine mammals.

In order to compare bait-specific catch rates for each species in a meta-analytical
approach, we need a standardized study-specific summary metric — also known as the effect
size (Nakagawa et al. 2015). Study-specific log relative risk was used as the species-specific
summary or effect size metric (Nakagawa and Santos 2012) of being caught on either of two
bait types (forage fish and squid) accounting for the precision of each estimate. This log risk
ratio was the effect size metric used by Gilman et al. (2016) in a comprehensive meta-
regression analysis of shark catch rates on various hook types. We calculated the study-specific
log risk ratios for each species using the escal c() function in the metafor package for R
(Viechtbauer 2010). The commonly used continuity correction for zero counts of adding 0.5
(Higgins and Green 2011) is the default in the escalc() function, which we used to calculate
the effects size metric. This is, however, not necessary in a fully Bayesian approach (Giinhan et
al. 2020) since a suitable prior is used in that inference framework (Tuyl et al. 2008).

Prior to further modelling, we explored potential publication bias (Murtaugh 2002;
Nakagawa and Santos 2012) using those calculated effect sizes and a contour-enhanced funnel
plot (Peters et al. 2008) of the model predicted estimates for each species using the metafor
package for R (Viechtbauer 2010). There was no evidence of potential publication bias for any
of the assessed species that could be identified by funnel plot asymmetry based on a random-
effects meta-analytic model fitted within a frequentist inference framework (see Fig. S2 for an
example of a contour-enhanced funnel plot for sharks).

Bayesian inference is considered especially useful for small sample situations and
especially so for small sample meta-analysis (Sutton et al. 2001; McNeish 2016; Seide et al.
2019). We fitted Bayesian random-effects regression models with Gaussian likelihood (Kruschke
and Liddell 2018) to the calculated effect sizes (and standard deviation) for each species using
the Stan computation back-end (Carpenter et al. 2017) via the brms interface for R (Blrkner
2017). This is also known as a normal-normal hierarchical model (Seide et al. 2019, Ginhan et
al. 2020). The species-specific samples sizes were too small to consider potentially informative
covariates. We therefore only used random-effects models rather than fixed- or mixed-effects or
meta-regression models that have been used in other recent ecological meta-analyses (e.g.,
Gilman et al. 2016; Pfaller et al. 2018; Musyl and Gilman 2019).

We used weakly informative regularizing priors (Gelman et al. 2008; McNeish 2016) to
derive more robust estimates of the study-specific parameter uncertainty. All models were fit with
4 chains with 2,500 iterations per chain after a warm-up (or burn-in) of 1,000 iterations. Thus, the
posterior for each estimate comprises 10,000 posterior samples or draws that are used to derive
the quantile-based uncertainty estimates (also known as equal-tailed credible intervals in
Bayesian statistics parlance; Kruschke and Liddell 2018).

The fitted normal-normal hierarchical model to the study-specific estimates for each
species were also used to derive the overall or pooled log risk ratio and measure of uncertainty.
We then summarized the species-specific results in a forest plot of the study-specific posterior
densities to display the model-predicted mean posterior estimates and 95% credible intervals
(see Schild and Voracek 2015 for a useful overview of various forms of forest plots). We also
back-transformed the pooled log risk ratio for each species using the transform-then-summarize
posterior samples approach since summary metrics are not transform invariant (Wang et al.
2018). We used these back-transformed posterior samples to calculate the percent risk reduction
in bait-specific catch risk. Here we used the highest posterior density interval (HDI) as our
measure of uncertainty, which is the shortest credible interval, as opposed to the often used
equal-tailed (quantile-based) credible interval (Kruschke and Liddell 2018). The HDIs were
summarized from the posterior samples for each species meta-analytic model fit using the
tidybayes package for R (Kay 2019).
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We used the ggplot2 package for R for all data visualization (Wickham 2016). For some
species (tunas, sharks) we also included the observed study-specific effect size for comparison
to illustrate why the model-based estimates are used to account for studies of varying precision
— study-specific estimates with low precision are shrunk towards the pooled estimate while the
estimates with high precision show little if any shrinkage. We also fitted a binomial-normal
hierarchical model to the blue shark and tuna effects sizes using the MetaStan interface to Stan
(Glunhan et al. 2020) that does not require any zero count continuity correction, but this gave
very similar results to the same species-specific normal-normal hierarchical model and so is not
considered further.

The meta-analyses used a simple random effects structure that addressed each study
as independent within each species. However, some studies used in our species-specific
models were undertaken by the same author(s), possibly resulting in correlated effects between
studies by the same authors or research group (Konstantopoulos 2011). Gilman et al. (2016)
addressed this issue using a three-level hierarchical mixed-effects model in their multi-species
meta-regression modelling of pelagic longline catch rates for sharks. But there were too few
species-specific studies in this bait-specific catch dataset to support a more complex multilevel
or random effects structure.

RESULTS

Figs. 1-2, S3-S9 are forest plots summarizing the model-predicted log risk ratios and the
estimated pooled random effect. All 112 records from the studies were uniquely labelled to be
able to support any form of random effects structures, identified in Table S1. These labels are
referenced in Figs. 1-2 and S3-S9 for records from studies with more than 1 record. The forest
plots for tunas (Fig. S3) and pelagic sharks (Fig. S7) also show the observed effects sizes for
comparison with the model-predicted (or shrinkage) estimates. For example, the observed log
risk ratio for tunas sourced from Januma et al. (1999) was 0.6, while the shrinkage estimate
from the random effect model was 0.4, where the difference in the estimates reflects the poor
precision of the observed effect size.

Table 1 presents the back-transformed posterior risk ratios and percent risk reduction in
bait-specific catch risk for two species with significant pooled random effects estimates of
relative risk. For marine turtles, the pooled log relative risk estimate was -0.95 (95% credible
interval: -1.37 to -0.57) (Fig. 1). When back-transformed, the pooled random effects estimate
was 0.39 (95% HDI: 0.24 to 0.56) (Table 1). Marine turtle catch risk on squid bait was 2.6 times
the catch risk on fish bait and there was a 60% (95% HDI: 44% to 76%) lower catch risk on fish
than on squid bait (Table 1). For blue sharks, the overall log relative risk estimate was -0.44
(95% credible interval: -0.92 to -0.05) (Fig. 2). The back-transformed overall random effects
estimate was 0.66 (95% HDI: 0.41 to 0.96). Blue shark catch risk on squid bait was 1.5 times
that of fish bait and there was a 34% (95% HDI: 4% to 59%) lower catch risk on fish bait than on
squid bait (Table 1). There was significant between-study heterogeneity evident for both marine
turtles and blue sharks (see tau estimates in the captions of Figs. 1 and 2) that was not
accounted for by the random-effects model. Nonetheless, the posterior probability of the overall
effect being < 0 was 100% for marine turtles (Fig. 1) and 98% for blue sharks (Fig. 2). The
overall random effects estimate of relative risk were not significant for the other assessed
species (Figs. S2-S8).

DISCUSSION

Bait type effects on species selectivity
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For most species and species groups, sample sizes of the number of studies compiled for the
meta-analyses were relatively small (Supplemental Material Table S1). Table 2 reviews
published findings of significant effects of pelagic longline bait type on species-specific catch
risk. Sample sizes of species-specific published findings of significant effects of longline bait
type were also relatively small (Table 2). It is a priority to conduct additional research to
increase sample sizes to enable more robust meta-analyses with increased precision and power
in pooled estimates. This is a research priority because information on species-specific catch
risk by bait type is needed to identify multispecies conflicts. As is the case for pelagic longline
hook shape, fishing depth and time-of-day of fishing (Reinhardt et al. 2017; Gilman et al. 2016,
2019), there may also be conflicting species- and taxa-specific catch risk responses to longline
bait type. A transition to an integrated bycatch assessment and management framework is
needed, where relative risks and conflicts from alternative bycatch management measures can
be evaluated through a decision support tool and accounted for in fisheries decision-making
processes. This integrated bycatch framework would enable managers to select measures with
intentional and acceptable tradeoffs to best meet objectives when conflicts are unavoidable
(Gilman et al. 2019).

A desirable significant reduction in pelagic longline catch risk of marine turtles with fish
relative to squid bait, which has been relatively well studied (Table 2; Gilman and Huang, 2017)
and implemented in management measures (e.g., Gilman et al. 2014), produces a mutually
beneficial significant reduction in catch risk of blue sharks. The lack of a significant pooled risk
ratio for combined pelagic shark species but a significant risk ratio for blue sharks suggests that
there is species-specific variability in bait-specific catch risk for this group. This may be due to
species-specific differences in prey preferences, including variability in diet specialization (some
species may be generalists, diversifying their diet depending on what prey are available, others
may have relatively specialized diets), local prey availability and differences in predatory
behavior (Smith et al. 2008; Biton-Porsmoguer et al. 2017; Bizarro et al. 2017; Crooks 2020).

From the qualitative literature review, compiled findings suggest that tunas and
istiophorid billfishes may have higher catch rates on squid relative to forage fish bait (Table 2). If
these findings are accurate, then for fisheries targeting these species, this presents a conflict
between using fish bait to reduce catch risk of marine turtles and blue sharks. This may also
present a conflict between maximizing catches of target tunas and mitigating the catch of
overexploited stocks of tunas and istiophorid billfishes (e.g., southwest Pacific striped marlin
Kajikia audax, Ducharme-Barth et al. 2019; Pacific bluefin tuna Thunnus orientalis, ISC, 2018).

Albatrosses were the main species in 5 of the 7 records included in the seabird meta-
analytic regression model, which exhibited a non-significant estimated pooled log risk ratio of
lower catch risk on fish bait relative to squid (Supplemental Material Fig. S9). The compiled
findings of the qualitative review showed species-specific variability in bait type effects on catch
risk of various non-albatross seabird species. The use of primarily live fish bait and dead squid
bait very likely explains the higher seabird catch risk on fish bait in Trebilco et al. (2010), where
after setting, once the branchline becomes taut, the live bait may struggle, swimming erratically
in variable directions, reducing the hook’s sink rate relative to dead bait, prolonging access to
seabirds (Gilman et al. 2005; Robertson et al. 2010). With this record from Trebilco et al. (2010)
removed from the seabird meta-analytic model, there was still a non-significant estimated
pooled log risk ratio. The small number of studies and small within study sample size of seabird
records for the meta-analysis (Supplemental Material Table S1, Fig. S9) as well as only three
studies identified, each with small sample sizes, that reported significant effects of bait type on
seabird catch risk (Table 2), highlights the paucity of studies on longline bait effects on seabird
catch risk and is a high research priority.

Bait type underlying mechanisms for effect on catch risk
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Different species and sizes of pelagic marine predators have different prey preferences and
prey species-specific predation behavior. The detection, searching and attack/feeding behavior
for different prey is dictated by a prey’s chemical, visual (e.g., size, shape, color and movement)
and acoustic characteristics (Lokkeborg and Bjordal 1992; Hart 1993; Broadhurst and Hazin
2001; Constantino and Salmon 2003; Ward and Myers 2007; Ward 2008; Yokota et al. 2009;
Piovano et al. 2004, 2012, 2013; Lokkeborg et al. 2014; Warraich 2014). Texture may also
influence pelagic predators’ predation behavior as has been observed for some demersal fishes
(Lokkeborg et al. 2014). Due to differences in bait species and the condition of the bait, there
may also be differences in the release rate of chemical attractants and in the duration of
retention on hooks (Shomura 1955; Lokkeborg and Johannessen 1992). For example, there is
higher hook retention of squid than forage fish species (Shomura 1955; Broadhurst and Hazin
2001; Ward and Myers 2007). The longer the release of chemical attractants and higher the
hook retention rate of a bait type, the higher the catch risk.

If rates of bait depredation vary by bait type, then this could reduce the accuracy of
estimates of the effect of bait type on species-specific catch risk. Cetaceans, sharks, seabirds
and some teleosts are the main species that remove baits from pelagic longline gear, while
squids and crustaceans can partially depredate pelagic longline baits (Brothers 1991; Gilman et
al. 2006, 2008; Hamer et al. 2012). For example, if blue sharks have a higher depredation rate
of squid bait relative to forage fish bait, then this would result in overestimating other species’
relative risk of capture on fish relative to squid bait due to squid-depredated baitless hooks
being counted as available squid-baited hooks. This is similar to how gear saturation can result
in underestimates of abundance when interpreting pelagic longline nominal catch rates (Ward
2008; Kurivama et al. 2019).

For some pelagic predators, the size of the species used for bait can affect their catch
risk. The larger the bait, the larger an organism’s mouth dimensions need to be to fitit in its
mouth (Erzini et al. 1997; Yokota et al. 2012; Gilman and Huang 2017; Gilman et al. 2018). As a
result, for species that tend to be caught by ingesting a baited hook, the larger the bait, the
lower the relative catchability of smaller species and of smaller length classes within a species
(Cortez- Zaragoza et al. 1989; Lokkeborg and Bjordal 1992; Cooke et al. 2005; Bach et al.
2008; Curran and Beverly 2012; Gilman et al. 2018). This is consistent with observations that
the mean as well as the maximum size of prey increases with increasing predator size (Scharf
et al. 2000; Bachiller and Irigoien 2013). As predators grow, so do the dimensions of their
mouths (although this growth may be allometric). This, along with improved vision, digestion,
swimming, regional endothermy and other attributes enable larger predators to catch larger prey
(Juanes 1994; Kaiser and Hughes 1993), which in turn may affect preferences for certain prey
sizes. However, for species that tend to be captured via foul hooking in the body or
entanglement, such as thresher sharks and leatherback sea turtles (Aalbers et al. 2010; Curran
and Beverly 2012; Epperly et al. 2012; Gilman and Huang 2017; Gilman et al. 2018; Watrraich et
al. 2020), bait size is expected to have a smaller effect on catch risk relative to species that are
predominantly caught by ingesting hooks.

In addition, the relative difficulty to remove a bait type from a hook may affect the catch
risk of seabirds, hard-shelled marine turtles and other species that bite their prey, unlike most
teleosts which suck in and swallow their prey, and leatherback sea turtles and some species of
sharks that tend to get caught by becoming foul-hooked in the body or entangled. Captive
loggerhead sea turtles tore pieces of fish bait off in small bites or stripped the entire fish bait
from the hook, but tended to ingest an entire squid bait and hook in a single gulp, perhaps
because the squid is more rubbery in texture and difficult to tear, and because the squid bait
shields the hook, making it difficult to see and feel the hook (Watson et al. 2005; Stokes et al.
2011; Parga et al. 2015). Similarly, squid bait may be more difficult for seabirds to remove from
hooks relative to fish bait, resulting in a higher degree of competition with other seabirds and
increased risk taking and concomitant catch risk during scavenging (Gilman et al. 2014).
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The effect of bait type on baited hook sink rate is an additional factor that may explain
differences in seabird catch risk. A bait’s sink profile (i.e., how linear the sink profile is) and
stiffness may affect a baited hook’s sink rate (Brothers et al. 1995; Robertson and van den Hoff
2010). If species of fish with swim bladders are used for bait, if the bladders are not punctured,
then this can contribute to slower sink rates (Brothers et al. 1995; Brothers et al. 1999). Small
fish species and squid species had similar and non-significantly different sink rates during an at-
sea trial, but squid had significantly slower sink rates than fish bait in a tank trial (Robertson and
van den Hoff 2010). The use of live bait can also result in lower sink rates of baited hook relative
to using dead baits, which, discussed in the previous section, likely explains why the modeled
estimate for Trebilco et al. (2010) was the only record showing a significantly higher catch risk
on fish relative to squid bait (Fig. S9).

Conclusions and research priorities

Fisheries that target relatively fecund species such as tunas can have large impacts on
incidentally caught species that, due to their lower reproduction rates and other ‘slow’ life history
traits, are relatively vulnerable to increased mortality (Hall et al. 2000; Gilman 2011; Branch et
al. 2013). Managing pelagic longline bait type offers one tool to control species selectivity. We
conducted a synthesis of quantitative and qualitative evidence. Findings contribute to identifying
economically viable bycatch management measures and research priorities for global pelagic
longline fisheries.

This global meta-analysis of existing estimates of the relative risk of capture on different
pelagic longline bait types found significantly lower relative risks of capture on pelagic forage
fish bait compared with squid bait for marine turtle species combined as well as for blue sharks.
Hence, using forage fish instead of squid for pelagic longline bait mutually benefits these
species. However, the qualitative literature review suggests tunas and istiophorid billfishes have
significantly higher catch rates on squid relative to forage fish bait, which are important market
species in some pelagic longline fisheries. This presents a conflict with managing bait type to
reduce marine turtle and blue shark catch rates.

For most species and higher taxonomic groupings, sample sizes of number of studies
compiled for the meta-analyses were relatively small. It is a research priority to conduct more
studies to enable robust meta-analyses of bait type effects on catch risk for individual species
and higher taxonomic groupings. The finding of a significant random effect estimate of the bait-
specific overall relative risk ratio for blue sharks but not for pelagic shark species combined
suggests that the effect of bait type on catch risk is variable for different pelagic shark species.
The group marine mammals had the smallest sample size with only 3 studies, each with small
numbers of captured marine mammals. Because cetacean catch risk is due both to depredation
of bait and catch (Gilman et al. 2006), managing bait type might have a smaller effect on their
catch rates than for other groups. This again highlights the need for sufficient sample sizes to
support species-specific meta-analyses. With larger sample sizes to support robust meta-
analyses, the effect on catch rates the use of different species of forage fishes and species of
squids for longline bait could also be estimated. Knowledge of species-specific response to bait
type is needed to enable managers to account for any multispecies conflicts so that measures
managing bait type result in intentional and acceptable tradeoffs.

A related research priority is to investigate potential socioeconomic effects on pelagic
longline fisheries from changing bait type. For instance, would it be economically viable for an
artisanal fishery that currently catches squid to use as longline bait to replace this quasi-free bait
source with purchased fish bait, and would the change in catch rates of market species caused
by this change in bait type be viable? Understanding the ecological effects on the stock status of
forage fish species, and socioeconomic effects on food security, from increased demand for
these species for use as bait by longline fisheries, and estimating the conservation gains to
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species of conservation concern from reduced longline fishing mortality that could be achieved
from changes in bait type, are additional research priorities.

Conducting species-specific meta-analyses of the effect of pelagic longline bait type on
at-vessel and post-release survival is an additional research priority (Gilman et al. 2016; Musyl
and Gilman 2019). Supplemental Material Section S5 reviews the underlying mechanisms for
the effect of bait type on the risk of mortality, including effects of bait type on anatomical hooking
position and size- and sex-selectivity.

No studies were identified that found an artificial bait to be economically viable for use in
pelagic longline fisheries (see review in Supplemental Material Section S6). Developing an
artificial pelagic longline bait that retains acceptable catch rates of market species but reduces
catch risk of species of conservation concern warrants investment in research and
development.

Online Supplemental Material
Online supplemental material is available.
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Fig. 1. Model-predicted log risk ratios for bait-specific catch rates derived from 21 study-specific
effect sizes for marine turtles. The shrinkage estimates were derived using a Bayesian random-
effects meta-analytic model with Gaussian likelihood. Polygon = density of the posterior draws
(the effective sample size = 10k), horizontal line = 95% credible interval of the posterior draws,
solid dot = mean of the posterior draws shrunk towards the Random Effect estimate that is the
pooled or overall log risk ratio for all 21 studies, dashed vertical line indicates no bait-specific
effect with shrinkage estimates to the left of this line reflecting a lower marine turtle catch rate
on pelagic forage fish bait than on squid bait. Heterogeneity (tau) = 0.81 (95% HDI: 0.49-1.16).
The loggerhead sea turtle was the predominant turtle species caught in 12 of the 21 records.
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Fig. 2. Model-predicted log risk ratios derived from 13 study-specific effect sizes for blue sharks
sourced from 11 publications for bait-specific catch rates. The shrinkage estimates were derived

effect size: log relative risk
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using a Bayesian random-effects meta-analytic model with Gaussian likelihood. Polygon =
density of the posterior draws, horizontal line = 95% credible interval of the posterior draws,
solid dot = mean of the posterior draws shrunk towards the Random Effect estimate that is the
pooled or overall log risk ratio for all 13 studies, dashed vertical line indicates no bait-specific
effect with shrinkage estimates to the left of this line reflecting a lower blue shark catch rate on
pelagic forage fish bait than on squid bait. Heterogeneity (tau) = 0.74 (95% HDI: 0.41-1.19).
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Table 1. Summary of marine turtle and blue shark risk ratio metrics and calculated percent
difference between catch on fish and squid bait.

risk ratio % risk difference
posterior posterior no. of
taxon mean 95% HDI mean 95% HDI records
marine turtles? 0.39 (0.24, 0.56) -60 (-76, -44) 21
blue shark? 0.66 (0.41, 0.96) -34 (-59, -4) 13

1 Javitech 2003; Watson et al. 2005; Ariz et al. 2006; Rueda et al. 2006; Kim et al. 2007, 2008; Mejuto et
al. 2008; Garcia-Cortes et al. 2009; Yokota et al. 2006, 2009; Stokes et al. 2011; Foster et al. 2012;
Baez et al. 2013; Santos et al. 2012, 2013; Coelho et al. 2015; Gilman et al. 2007, 2012, 2014, 2016

2 Abbes et al. 1996; ECOTAP, 1998; Bach et al., 2000; Watson et al. 2005; Mejuto et al. 2008; Petersen
et al. 2008; Galeana-Villasenor et al. 2009; Yokota et al. 2009; Foster et al. 2012; Amorim et al. 2014;
Gilman et al. 2007, 2012, 2014, 2016
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Table 2. Effects of pelagic longline bait type (mackerel-like forage fish species vs. squid

species) on taxon-specific catch risk.

no.
publications
significantly
higher catch

taxon risk on: citation
tunas
bigeye tuna (Thunnus obesus) squid: 31 Watson et al. 2005; Coelho et al. 2012b;
Foster et al. 2012; Amorim et al. 2014
fish: 1 Shomura 1955
albacore tuna (T. alalonga) squid: 3 Coelho et al. 2012b; Foster et al. 2012;
Amorim et al. 2014
yellowfin tuna (T. albacares) squid: 3 Coelho et al. 2012b; Amorim et al. 2014;
Fernandez-Carvalho et al. 2015
combined tuna species squid: 1 Gilman et al. 2007
billfishes
swordfish squid: 4 Broadhurst and Hazin 2001; Coelho et al.
2012b; Amorim et al. 2014; Fernandez-
Carvalho et al. 2015
fish: 4 1.2 Watson et al. 2005; Gilman et al. 2007;
Garcia-Cortes et al. 2009; Baez et al.
2010; Foster et al. 2012
white marlin (Kajikia albidus) squid: 2 Coelho et al. 2012b; Amorim et al. 2014
fish: 1 Fernandez-Carvalho et al. 2015
Atlantic blue marlin (Makaira nigricans) squid: 1 Amorim et al. 2014
Indo-Pacific sailfish (Istiophorus squid: 1 Coelho et al. 2012b
platypterus)
combined istiophorid billfishes squid: 1 Garcia-Cortes et al. 2009
other teleosts
dolphinfish (Coryphaena hippurus) squid: 2 Galeana-Villasenor et al. 2009; Amorim et
al. 2014
escolar (Lepidocybium flavobrunneum) squid: 1 Fernandez-Carvalho et al. 2015
lancetfish (Alepisaurus ferox) fish: 1 Amorim et al. 2014
ocean sunfish (Mola mola) squid: 1 Coelho et al. 2012b
combined opah (Lampris guttatus), squid: 1 Gilman et al. 2007

wahoo (Acanthocybium solandri) and
dolphinfish

sharks
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blue shark

squid: 41

Watson et al. 2005; Petersen et al. 2008,
2009; Galeana-Villasenor et al. 2009;
Foster et al. 2012

fish: 2 Coelho et al. 2012b; Amorim et al. 2014
shortfin mako shark (Isurus fish: 4 Mejuto et al. 2008; Coelho et al. 2012b;
oxyrinchus) Foster et al. 2012; Amorim et al. 2014

squid: 2 Petersen et al. 2008, 2009
smooth hammerhead shark (Sphyrna fish: 2 Coelho et al. 2012b; Amorim et al. 2014
zZygaena) squid: 1 Fernandez-Carvalho et al. 2015
silky shark (Carcharhinus falciformis) fish: 1 Coelho et al. 2012b
squid: 1 Galeana-Villasenor et al. 2009
bigeye thresher shark (Alopias fish: 1 Coelho et al. 2012b
superciliosus)
crocodile shark (Pseudocarcharias squid: 1 Coelho et al. 2012b
kamoharai)
longfin mako shark (I. paucus) squid: 1 Coelho et al. 2012b
porbeagle shark (Lamna nasus) fish: 1 Foster et al. 2012
rays
manta rays (Myliobatidae) squid: 1 Coelho et al. 2012b
fish: 1 Amorim et al. 2014
pelagic stingray (Pteroplatytrygon squid: 1 Coelho et al. 2012b

violacea)

marine turtles
loggerhead (Caretta caretta)

squid: 11 1234

Watson et al. 2005; Gilman et al. 2007;
Mejuto et al. 2008; MRAG, 2008; Garcia-
Cortes et al. 2009; Yokota et al. 2009;
Baez et al. 2010; Stokes et al. 2011;
Foster et al. 2012; Piovano et al. 2012;
Santos et al. 2013; Swimmer et al. 2017

leatherback (Dermochelys coriacea) squid: 51 Watson et al. 2005; Gilman et al. 2007;
Foster et al. 2012; Santos et al. 2012,
2013; Swimmer et al. 2017
olive ridley (Lepidochelys olivacea) squid: 1 Santos et al. 2012
combined hard-shelled loggerhead, squid: 1 Coelho et al. 2015
olive Ridley and kemp’s ridley (L.
kempii) sea turtles
marine mammals
Risso’s dolphin (Grampus griseus) squid: 1 Garrison 2007
seabirds
white-chinned petrel (Procellaria squid: 1 Gonzalez et al. 2012

aequinoctialis)
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flesh-footed shearwater (Puffinus fish: 1 Trebilco et al. 2010
carniepes)

combined seabirds, comprised of: gulls  fish: 1 Lietal. 2012
(Larus spp.), greater shearwater (P.
gravis), other shearwaters
(Procellariidae), northern gannet
(Morus bassanus)

1 Findings reported by both Foster et al. (2012) and Watson et al. (2005) are included as a single record:
a subset of the database analyzed by Foster et al. (2012) had been analyzed by Watson et al. (2005).

2 Pieces of blue shark were used as a small component of a mix of primarily forage fish species being
used for bait in Baez et al. (2010), who compared marine turtle catch in sets using a mix of squid and
fish bait vs. in sets using only fish bait.

3 Stokes et al. (2011) studied captive loggerhead sea turtles to assess the effect of bait type on the odds
of having an entire hook and crimp enter their mouth as an indicator of catch risk.

4 Piovano et al. (2012) studied the effect of bait type on captive loggerhead sea turtles biting behavior
(opening mouth to bite a sack containing bait).
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